"A living race" -polymerization kinetics of anionic polymerizations depends strongly on the solvent polarity and reactivity of the growing chain end. Both the carb-and oxyanionic polymerization is under control at the university lab and on the industrial level, however, no information for the aza-anionic polymerization of aziridines has been reported systematically. This work studies the polymerization of two activated aziridines (2-methyl-N-mesylaziridine (MsMAz) and 2-methyl-N-tosylaziridine (TsMAz)) by realtime With these results in hand, the azaanionic polymerization can be used as a valuable tool in the family of anionic polymerization for the preparation of structurally diverse polysulfonamides and polyamines under a broad variety of conditions, while maintaining the living behavior.
Introduction
The knowledge of polymerization kinetics allows us to construct complex polymeric architectures by different polymerization techniques. 60 years after the discovery of the living anionic polymerization, their solvent, counter ion and temperature dependencies are taught in introductory polymer classes. Conditions are known for the carb-and oxyanionic polymerization. [1] [2] [3] However, such detailed and fundamental investigations are missing for the living anionic ring-opening polymerization (AROP) of aziridines and will be presented in this work.
The azaanionic polymerization of activated aziridines was recently established. [4] [5] [6] [7] [8] [9] To enable anionic polymerization of aziridines, the acidic proton at the nitrogen needs to be substituted by an activating group, e.g. a sulfonamide group (Scheme 1). To date, only such activated aziridines undergo anionic polymerization, but also a few other aziridine-containing polymers have been prepared and studied as functional polymers for postmodification. [10] [11] [12] [13] [14] The AROP of aziridines allows us to prepare well-defined poly(ethylene imine) derivatives. 4, 9 We have developed new monomers and initiator-systems during the last few years, expanding this still rather unexplored approach to polysulfonamides and amines. [5] [6] [7] [8] 15, 16 With a similar ring-strain of 111 kJ mol −1 for ethylene imine as for ethylene oxide (114 kJ mol −1 ), the anionic ringopening polymerization should be feasible. 17, 18 In contrast to via a cationic mechanism, leading to branched PEI ( poly(ethylene imine)), 19 N-protected aziridines can also be polymerized anionically, due to their activating group. The sulfonamide substitutes the acidic proton at the aziridine and acts as an electron-withdrawing group. This results not only in the general possibility for anionic AROP, but further in different reactivities of the monomers, leading to sequential incorporation. 7 Herein, 2-methyl-N-mesyl-aziridine (MsMAz, 1) and 2-methyl-N-tosylaziridine (TsMAz, 2) were used to elucidate the polymerization kinetics under different conditions. The results from this study will allow us to use activated aziridines for the preparation of well-defined polymer architectures by anionic polymerization in the future.
Experimental section

Chemicals
All solvents and reagents were purchased from Sigma-Aldrich, Acros Organics or Fluka and used as received unless otherwise mentioned. All deuterated solvents were purchased from Deutero GmbH and were distilled from CaH 2 or sodium and stored in a glovebox prior to use. All monomers and initiators were dried extensively by azeotropic distillation with benzene prior to polymerization. Cesium bis(trimethylsilyl)amide was synthesized according to a literature protocol. 4 ,20 2-Methyl-Nmesyl-aziridine (MsMAz, 1), 2-methyl-N-tosylaziridine (TsMAz, 2) and N-benzyl methanesulfonamide (BnNHMs, 3) were synthesized according to our previously published protocol. 7 The synthesis of the bifunctional initiator (BnBis(NHMs), 4) can be found in the ESI. † MALDI-TOF. Matrix-assisted laser desorption/ionization time-of-flight (MALDI-ToF) measurements were performed using a Shimadzu Axima CFR MALDI-TOF mass spectrometer, employing DCTB (trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile) as a matrix (5 mg mL −1 in THF).
General procedure for the azaanionic polymerization. All Schlenk flasks were flame dried in vacuo at least three times, using the Schlenk technique, as for the following steps. All reactants (except the bis(trimethylsilyl)amide salts) were freeze-dried from benzene in vacuo for at least 4 h. The monomers and the initiator were dissolved in 2 and 1 mL anhydrous N,N-dimethylformamide (DMF). The bis(trimethylsilyl)amide salt was added quickly in argon-counter flow to the initiatorsolution. From the initiator-solution the appropriate volume was added to the monomer solution. The mixture was stirred at the desired temperature and over the desired time (to ensure complete reaction: 18 h reaction time at 50°C). The polymers were obtained as colorless powders after precipitation of the reaction mixture into 30 mL methanol and drying at reduced pressure. For chain extension experiments the polymerizations were carried out in analogy to the conventional procedure. After stirring the mixtures for at least 18 h, a 100 µL-sample was taken out for further analyses and the second monomer, in 1 mL DMF, was added and stirred for further 24 h at the same temperature (SEC traces are summarized in the ESI †).
Monitoring polymerizations by real-time 1 H NMR spectroscopy. All polymerizations were carried out in analogy to the conventional procedure in a Schlenk flask. Inside a glove box under a nitrogen-atmosphere the respective monomer was dissolved as a ca. 10 wt% solution in a total volume of 0. 
Results and discussion
The AROP of N-activated aziridines can be initiated by a deprotonated secondary sulfonamide, which can be formed in situ e.g. by the use of bis(trimethylsilyl)amides. This freshly prepared nucleophile opens the ring most likely at its less substituted side and thus forms the propagating sulfonamide anion. 4 Propagation occurs via nucleophilic attack of this azaanion at the next monomer and it continues, as long as the monomer is available. As it is a living polymerization, no termination occurs, in the absence of impurities, and controlled termination by adding an electrophile is possible (Scheme 1). 4, 7 All propagation rates are calculated from the linear firstorder kinetic plots, using the equations shown below for living polymerizations (eqn (I) and (II)). 
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However, a systematic kinetic investigation of the AROP has not been reported to date. Here we chose 2-methyl-N-mesylaziridine (MsMAz, 1) and 2-methyl-N-tosyl-aziridine (TsMAz, 2) as two monomers with different activating groups that alter the monomer reactivity, to study the polymerization in different solvents, namely dimethylsulfoxide (DMSO-d 6 
, benzene-d 6 and cyclohexane-d 12 (CyHex) at a constant temperature of 50°C. In DMF-d 7 also different temperatures (20, 50 , and 100°C) were investigated. Two sulfonamide-based initiators were used and the influence of the counter ions on propagation rates was studied. N-Benzyl methanesulfonamide (BnNHMs, 3), deprotonated by lithium (LiMDS), sodium (NaMDS), potassium (KMDS) and cesium (CsMDS) bis(trimethylsilyl)amide, was used as a monofunctional initiator. N,N′-(1,4-Phenylenebis(methylene))dimethanesulfonamide (BnBis(NHMs), 4) was designed as a novel bifunctional initiator for the AROP and also deprotonated with KMDS, which will allow the preparation of ABA triblock copolymers and is currently under investigation in our lab.
Real-time 1 H NMR spectroscopy was used to monitor the polymerization under these different conditions. 22, 23 Requirements for this method are reaction times in the range of minutes to hours and reagents with distinguishable resonances in their spectrum (Fig. 1) . In N-sulfonyl-aziridines, the three ring-protons are detected as two doublets (CH 2 ) and one multiplet (CH) in the region from 3 to 2 ppm of the 1 H NMR spectrum (Fig. 1A) . These chemical shifts are sensitive probes for the monomer reactivity: the more they are shifted downfield in the spectrum, the stronger the activation, i.e. the electron-withdrawing effect of the sulfonamide. This allowed us to use the different monomer reactivities and to prepare sequenced copolymers. 7 As the monomer is consumed during the polymerization, the monomer signals vanish and simultaneously the growing polymer-backbone emerges between 3.5 and 4.5 ppm (Fig. 1B) . By integration of the well-separated monomer peaks over time and normalization to the amount of unreacted monomer, plotting of the monomer conversion vs. the reaction time or the total conversion is possible ( Fig. 1C  and D) . The azaanionic polymerization proceeds in a living manner which was proven by chain extension experiments. Both the formation of diblock copolymers of 1 and 2, and the chain extension of 2 resulted in a complete shift of the molecular weight distributions in SEC experiments and thus underlines the living character of the chain ends (Fig. S16-S19 †) .
The propagation rate constants k p were calculated from the integrals of the monomer signals of the first 13 spectra (ca. 1.5 h reaction time). For "fast" polymerizations (100% conversion in less than 1 h) only the first 4 values were used for the determination of the slope (equivalent to the apparent propagation rate constant (k app )) of the linear fits. Division of k app with the initial initiator-concentration reveals the initiator-independent propagation rate coefficient k p .
From every reaction in the NMR tube a small aliquot was taken and analyzed by size exclusion chromatography (SEC). All polymers exhibited monomodal and narrow molecular weight distributions (Đ typically < 1.1, Tables 1-4 and the ESI †) and reached full monomer conversion in most cases (see below). The molecular weights of the PAz determined from SEC are underestimated on our setup compared to the absolute values calculated from NMR by end group analysis (Tables  1-4) . Since for all SEC analyses PEO-standards were used for conventional calibration, the molecular weights calculated from NMR-data should be considered for comparisons.
Temperature variation
The polymerization of MsMAz (1) (Fig. S1 †) . At all temperatures, the polymerization remains living, and the addition of new monomer allows the formation of block copolymers.
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Solvent variation
The solvent polarity and the solvation of the living chain ends have a tremendous influence on the propagation rate in ionic polymerizations. 2, 3, 24 For the azaanionic ROP of MsMAz (1) 
Initiator variation
Deprotonated sulfonamides are used as the initiators for the azaanionic ROP of activated aziridines. KMDS was previously used for this series of experiments at 50°C in DMF-d 7 (Table 3) . It has to be noted, that in all cases an equimolar amount of HMDS is produced during the initiator formation (also compare sections below). a Number-average molecular weight and molecular weight dispersity determined via SEC in DMF (vs. PEO standards). b Number-average molecular weight determined by NMR analyses. a Number-average molecular weight and molecular weight dispersity determined via SEC in DMF (vs. PEO standards). b Number-average molecular weight determined by NMR analyses. Table 2 ).
Comparing different sulfonamide initiators, (Fig. 3) This allows the synthesis of ABA triblock-copolymers based on aziridines which is currently under investigation. As the studies with different counter ions revealed (see below) that also lithium cations can propagate the AROP of aziridines, n-butyllithium (n-BuLi) was tested as a commercially available initiator for the AROP of MsMAz (1) which demonstrated the fastest reaction rate under these conditions (k p = 18.08 × 10 −3 L mol −1 s −1 , cf. Fig. S4 † and discussion for counter ions). MALDI-ToF mass spectrometry proved the incorporation of the butyl chain and shows a single mass distribution (Fig. S13 †) .
Influence of counter-ions
It is known from ionic polymerizations that the solvation of the growing chain and the respective counter ion plays an important role in the polymerization kinetics: the stronger the binding between the growing chain and the counter ion (and the lower the solvation efficiency of the solvent), the slower the propagation. For the anionic polymerization of styrene, for example, lithium counter ions show an increase of the polymerization kinetics compared to sodium counter ions. For epoxides, typically potassium and cesium show the highest propagation rates, while lithium alkoxides do not or only very slowly propagate, as they coordinate strongly to the Pearsonhard alkoxide. 2, [25] [26] [27] [28] [29] [30] [31] [32] In the case of sulfonamide anions such studies had not been performed; in previous work, potassium salts proved to be efficient. We studied the polymerization of 1 and 2 (DMF-d 7 , 50°C, BnNHMs (3) as the initiator) with different counter ions by deprotonating 3 with different bis(trimethylsilyl)amide salts (lithium, sodium, potassium salts are commercially available, CsMDS was prepared according to the literature 4, 20 ) . For both monomers, propagation with all counter ions was observed (Fig. 4 , S2 † and Table 4 ), probably due to the rather soft nature of the propagating anion. Under these conditions the order of Cs + > Li + > Na + > K + was found for both monomers (Fig. 4A ). For MsMAz (1) as a less reactive monomer the same trend was observed (Cs + > Li + > Na + > K + ), however, the differences were less pronounced ( Fig. S2 † and Table 5 ). Noteworthily, in all cases living polymerization with reasonable polymerization rates of the activated aziridines is observed (cf. Fig. 4B , S14 and 15 †). This indicates a higher solvation of the propagating azaanion chains under these conditions, in contrast to the epoxide polymerization, where hardly propagation is observed with lithium as a counter ion, also in highly solvating solvents. (1) and BnNKMs (3) at 50°C in DMF (RI-signal, PEO-standard), (Table 5) . (1) with different initiators at 50°C (data listed in Table 3 ).
Also the cation dependence on the polymerization kinetics, which does not follow the cation size can be explained by the Pearson acid base concept 33 that the sulfonamide anion is weakly coordinated by its respective cation compared to an alkoxide, which strongly binds to lithium cations also in polar organic solvents as mentioned above. The "softer" sulfonamide anion exhibits higher binding to intermediate sized cations sodium and potassium, but less binding to the hard lithium and soft cesium cations. In addition, comparing the two monomers 1 and 2, with the smaller electron withdrawing effect of the mesyl group in MsMAz (1) compared to the tosylgroup in 2, a more nucleophilic growing chain end is produced. This leads to the less expressed trend in the propagation rate of the different counter ions, as the interaction between the azaanion at the chain end and the cationic counter ion is stronger.
To identify the influence of the inherent additive hexamethyldisilazane (HMDS), which is generated in a molar amount after the deprotonation of BnHMs (3) by the bis(trimethylsilyl)amide salt, on the chain end reactivity, polymerizations of 1 with different amounts of HMDS were performed (note: MALDI ToF mass spectrometry revealed that only polymers, initiated by 3 are produced under these conditions, cf. the ESI †).
To study the influence of HMDS on the polymerization kinetics several experiments were conducted: (i) 3 was deprotonated with KMDS (i.e. one equivalent of HMDS is produced with respect to the initiator); (ii) to exclude HMDS in the polymerization, BnNHMs (3) was deprotonated with potassium hydroxide (KOH) and dried by azeotropic removal of the emerging water with benzene before adding the monomers; (iii) another polymerization was conducted under the same conditions, however with two equivalents of HMDS with respect to the initiator. Comparing the propagation rate constants of these three polymerizations in the presence of 1 or 2 eq. or without HMDS, a decrease of the polymerization kinetics with an increasing amount of HMDS was detected (BnNKMs in DMF (no HMDS) at 50°C k p = 11. (Table 5 first entry, MsMAz,
50°C, DMF, BnNLiMs, HMDS).
To examine the influence of DMF as a highly solvating solvent, polymerizations with lithium, potassium and cesium, with the "standard procedure", i.e. BnNHMs (3), the respective bis(trimethylsilyl)amide salt, at 50°C, were carried out in THF. In all cases the polymerization proceeds much slower in THF compared to DMF, irrespective of which counter ion was used (Table 6 and Fig. S3 †) . This indicates a lower solvation of the living chain ends in THF, reducing the polymerization kinetics a In the case of KMDS the measurements were repeated and are marked with I, respectively II. b Number-average molecular weight and molecular weight dispersity determined via SEC in DMF (vs. PEO standards).
c Number-average molecular weight determined by NMR analyses.
d Samples taken after minimum 17 h reaction, no full conversion.
(at least by a factor of 10). In contrast, the conventional oxyanionic polymerization and the recently reported organocatalytic ring-opening polymerization of sulfonyl-aziridines 16 proceed smoothly in THF and reach full conversion in the course of several hours.
With these results in hand, the combination of the azaanionic polymerization with other ionic polymerization techniques will be used to produce various macromolecular architectures and the use of commercially available lithium-based initiators (e.g. butyllithium).
Conclusions
We report on the systematic polymerization kinetics of the living anionic polymerization of N-activated aziridines, exemplary with MsMAz and TsMAz, two activated aziridines of different reactivities, by real-time 1 H NMR spectroscopy. We found that their polymerization follows living conditions at temperatures between 20 and 100°C. The comparison of different solvents for the polymerization proved that polar aprotic solvents exhibit the fastest polymerization kinetics with the order of DMSO ≥ DMF ≫ THF ≥ benzene, and no propagation in cyclohexane, depending on the solvation of the living chain end. The use of different initiators, namely sulfonamides BnNHMs and a novel bifunctional sulfonamide (BnBis(NHMs)) were compared with each other and we additionally identified n-butyllithium as a potent commercial alternative.
However, the sulfonamide initiators are ideal to study the influence of the counter ion on the polymerization kinetics. The sulfonamide initiator was deprotonated with the respective metal bis(trimethylsilyl)amide (Li, Na, K, or Cs). In all cases fast propagation of the anionic polymerization was observed, which is in strong contrast to epoxide polymerization, where lithium alkoxides show only very slow propagation rate constants. For activated aziridines the following trend was observed: Cs + > Li + > Na + > K + with reasonable k p values in all cases in DMF, indicating a high solvation of all propagating azaanions in DMF, with a less pronounced effect of the counter ion compared to alkoxide chains. In contrast, in THF only a weak counter ion dependency and low reaction kinetics have been observed. We believe that this fundamental work will help to further understand and foster the field of the anionic polymerization of aziridines. In particular, the less pronounced counter ion effect compared to the well-known anionic polymerization of epoxide makes the AROP of sulfonylaziridines easy and switching for example from carb-to aza-anionic polymerization or the use of simple commercially available butyllithium. N-Sulfonyl-activated aziridines undergo AROP under various conditions producing well-defined polysulfonamides and -amines after hydrolysis. This defined access to such structures was not possible to date and we believe that aziridines will become a valuable tool for combinations with other anionic polymerizations for diverse applications, for example as a welldefined alternative for branched poly(ethylene imine)s.
